, R. G. B. Smith (3) , Grant Wardell-Johnson (4) and Jerome K. there were gradual changes that had no significant effects on tree species richness and diversity, stem 23 density, or diameter distribution. Gradual changes were also observed during the early stages of 24 regeneration following logging. However, in logged sites changes in tree species richness and diversity, 25 stem density and diameter distribution became more rapid with time, and significant changes were 26 observed. This is because changes in logged sites were characterised by periods of distinct floristic 27 assemblages, marked initially by a few species and the most recent assessment revealed species 28 abundance and richness exceeding pre-logging levels. Similar regeneration events across site and 29 disturbance levels resulted in three identifiable stages. In the first stage, lasting about ten years, stem 30 density of abundant shade tolerant trees decreased, with no significant changes in tree species richness.
31
In the second stage, also lasting about ten years, tree species richness and diversity, as well as stem 32 density decreased to minima due to localised species turnover and net mortality. In the third stage, 33 recruitment surpassed mortality and reversed the net loss of both species and stems, as tree species 34 assemblages began to return to pre-disturbance levels. Sites subjected to individual tree selective logging 35 recovered their pre-logging tree species richness and diversity, and stem density within 30 years, but 36 diameter distribution of trees ≥ 40 cm dbh showed low density compared to that observed in the controls.
37
After 35 years, sites subjected to more intensive logging had low species diversity and high densities of 38 both the small sized stems and shade intolerant tree species. More intensively logged sites also had a low 39 density of shade tolerant tree species compared to the controls. This suggests that the restoration of 40 forest structure takes considerably more time than the restoration of tree species richness and abundance 41 following logging in these forests. A high rate of stand basal area growth was observed in moderate tree
Introduction

48
Post-disturbance regeneration and temporal variation in rainforest ecosystems are complex, and 49 involve a variety of responses including species successional replacement sequences (Hopkins, 1977;  50 Sheil, 2001 ). Models for species succession, and the underlying processes that involve changes in 51 biomass, species diversity and homeostasis are well documented (see Odum, 1971 ; Connell and 52 Slatyer, 1977; Brokaw and Busing, 2000) . These species succession models have been used to 53 explain changes in rainforest regeneration in gap phases (Denslow, 1987; Webb, 1998; Schnitzer and 54 Carson, 2001) , and the interaction of species life cycles and life history traits that promote survival 55 and persistence of species in time and space (Connell and Slatyer, 1977; Pickett et al., 1987;  56 Summerbell, 1991) .
57
Disturbance that creates large canopy gaps in the rainforest disrupt the ecosystem, and initiate a 58 series of distinct species responses (Gomez-Pompa and Vazquez-Yanes, 1981; Olsen, 1989) . These 59 responses are described in the intermediate disturbance hypothesis as a succession of rainforest 60 regeneration in which numbers of tree species and stem abundance show a unimodal rise-and-fall 61 over time (Connell, 1978 (Sheil, 2001 ).
82
This study describes both the short and medium term post-disturbance regeneration patterns in 83 rainforest stands subjected to various levels of disturbance ranging from unlogged controls through 84 increasing levels of individual tree selective logging to intensive logging. Changes in tree species 85 richness, stem density and diameter distribution were investigated using data for trees ≥ 10 cm 86 diameter at 1.3 m above the ground (dbh). In this study, we consider the following specific questions:
87
( (Isbell, 1998 leichhardtii F.Muell.) were sought. As these species became harder to find on easier terrain, new 127 technology permitted utilization of a wide range of rainforest species (Horne and Gwalter, 1982;  1957, 1958, 1960, 1962, 1964, 1966, 1968, 1972, 1976, 1979/80, 1988 185 Hickey and Wilkinson, 1999) . This is because analysis of similarity using the number of species and 
220
Changes in tree species diversity in the data series were investigated using the Brillouin diversity 221 index (H b ). The Brillouin statistics were calculated using matrices of species abundance and the 222 sequence of assessments in the PRIMER package (Clarke and Warwick, 1994) . These statistics were 223 adequate in this study because they consider density per species as well as the overall density where 224 the randomness of the samples cannot be guaranteed (see Williams et al., 1969) . The overall mean 225 diversity statistic for the controls was compared with those obtained in logged sites.
226
Changes in stem density, tree species richness and stand BA for the two main tree species groups 227 were also examined for trends across disturbance levels. Disturbance levels ranged from the controls 228 (0% overstorey stand BA removal) through individual tree selective logging (1-35%), moderate tree 229 selection (36-50%) and repeated individual tree selective logging (estimate 51-65%) to intensive 230 logging (66-80%).
231
To investigate the effect of logging intensity on diameter distribution we examined the number of Bosker, 1999). The rate of change in stem distribution in the hierarchical multilevel model 238 was analysed assuming that one mean function is valid for the subtropical rainforest population, and 239 that, mean functions for single plots vary randomly around the population mean. Accordingly, the 240 functions for rate of change in the number of stems within a given dbh class and plot and stand are 241 assumed to vary randomly around the mean function for the corresponding dbh-class and stand. The 242 natural logarithm of sampled stems rather than the actual counts were used as the dependent 243 variable. Explanatory variables including tree size (dbh classes), logging intensity (disturbance 244 levels), time since disturbance, and the interaction of these variables were tested for 245 significance using both the log likelihood and Wald's tests statistics (Rasbash et al., 1999) . 246
Results
247
A total of 117 species in 45 families were represented in the data series. 
257
We present the testing of the null hypothesis at the probability level of α = 0.2 (the alpha level that 258 illustrates most breakpoints), which identifies significantly different samples in the data series (Fig.   259 2). In each series, the cluster-expansion tests revealed that the last cluster was not distinct from the 260 others. This indicates that sample(s) in the last cluster were less similar to one another due to species 261 turnover and recruitment of both, locally new and previously lost species.
262
{Fig. 2}
263
The a posteriori test results indicate that the chronological clusters depicted in Fig. 2 remain distinct   264 at the probability level of α = 0.2, except in the case of the post-exploitation shelterwood (Fig. 2j) .
265
However, if a smaller probability level (< 0.2) was used for rejection of sample fusion, then 266 non-neighbouring clusters were not distinct. In post-exploitation shelterwood, the initial assessment 267 carried out before logging, appeared as a singleton (aberrant sample that is significantly different from 268 its neighbouring cluster). However, the singleton is not significantly different compared to the last 269 cluster (P = 0.25), but could not fuse because the samples were not adjacent. This indicates that the 270 last chronological cluster in this data series comprised of tree assemblages with species abundance 271 and richness comparable to pre-logging levels.
272
In the unlogged controls, three clusters were produced (i, ii and iii; Fig. 2a 
287
The clustering structure for the more intensively logged sites showed distinct differences between 288 clusters. This indicates significant regeneration events in these sites. The cluster-expansion test results
289
indicate distinct floristic assemblages between neighbouring clusters (i and ii, ii and iii, and so on).
290
Excluding the last cluster, no other cluster can be expanded to include samples from neighbouring 291 cluster(s), except in the case of the first cluster in the clear cutting treatment from Sabah Malaysia 292 (Fig. 2h) , and repeated individual tree selective logging (Fig. 2e ) that can only be expanded to include 293 the first sample in the neighbouring cluster.
294
Like the post-exploitation shelterwood (Fig. 2 j) , the initial assessment in heavy individual tree 295 selective logging is a singleton (Fig. 2 g) . The singletons reflect a similar ecological event resulting 296 from decrease in both the tree density and species richness caused by a high mortality following heavy 297 individual tree selective logging, and the removal of merchantable trees in the post-exploitation 298 shelterwood.
299
Silvicultural improvement from the Democratic Republic of Congo (Fig. 2 k) showed the most recent (Fig. 3 i) , and removal of merchantable stems (Fig. 3 i, (Fig. 4) , but no discernable change in species richness. {Fig. 4}
324
The second regeneration stage indicates a net loss of species, and a decrease in stem density,
325
culminating in the sites attainment of the lowest values in both characteristics (Fig.3, 4) . These results
326
indicate that the vertical axis is significantly associated with changes in species abundance.
327
The reversal in the direction of the biplots marks the beginning of a third stage, which is associated 328 with increased species turnover and a net recruitment of both locally new and previously lost species.
329
This indicates that the first (horizontal) axis in Fig. 3 
371
The parameter estimates shows that the rate of change in diameter distribution is influenced by tree 372 size, level of disturbance, time since the last major disturbance and the interaction between these 373 factors ( Table 2 ). There were no significant changes in diameter distributions in the unlogged controls 374 (Fig. 6) . However, the overall linear rate of change in tree diameter distribution across levels of 
408
As would be expected, increased logging intensity was negatively associated with stem densities, and 409 species abundance and richness. This was due to targeted removal of large commercial and non 410 commercial (silvicultural treatments) tree species, and an increased mortality soon after logging.
411
These results are consistent with studies in tropical rainforests (Walters et al., 1982; de Graff, 1986) 412 as well as in other vegetation (Korning and Baslev, 1994) . Initial changes in the logged sites for the 413 first five to ten years after logging were gradual, as small changes between successive samples were 414 observed. This was attributed to post-logging mortality leading to decreased stem density of the most 415 abundant species, but without any significant change in species richness. The gradual phase was had not recovered to similar levels 36 years after logging (Fig. 5) . This is contrary to the findings by 426 Smith and Nichols (2005) . Although stem density in the individual tree selective logging have 427 returned to their pre-logging levels, when trees were grouped into dbh-classes, the majority of these 428 stems were in the smaller sized category, and density of the larger stems ≥ 40 cm dbh were yet to 429 recover to pre-logging levels (Fig. 4) .
430
This study shows that while the overall species abundance and richness, and stem density measures 431 redeveloped rapidly, species diversity and stand structure developed more slowly during regeneration, 
Regeneration stages
439
The regeneration patterns detected in this study indicate three stages across both sites and levels of 440 disturbance. The first stage depicted small changes between successive assessments that lasted for 441 about 10 years (Fig. 3) . This was attributed to mortality in species with high frequency, especially the 442 shade tolerant species due to natural causes, in the controls and logging injuries in logged sites (Fig.   443   5a ). This mortality decreased stem density with no significant change in species richness, but an 444 observable impact on diameter distributions (Fig. 4) . Thus, although logging injuries and hence post 445 logging mortality are common in the frequently encountered tree species (de Graff, 1986; Oavika, 
448
The second stage also lasted about 10 years. This stage was associated with rapid changes and decline
The regeneration patterns and trends showed the combined effects of functional group compositions 470 along the disturbance gradient. For example, low disturbance in both unlogged controls and sites 471 subjected to individual tree selective logging created small canopy gaps. The small gaps were quickly 472 reoccupied by the retained stems and advance regeneration with no significant recruitment of shade 473 intolerant species. Similar results and conclusions were reported for a study in a semideciduous 474 tropical forest in Mexico (Dickinson et al., 2000) . In our study, stem densities of the shade intolerant 475 species returned to levels comparable to that of the unlogged controls within fifteen years of 476 individual tree selective logging. However, stem densities of the shade tolerant species required about 477 twice as much time to return to similar levels (Fig. 5) .
478
Although the density of shade tolerant species in repeated individual tree selective logging has also 479 returned to pre-logging levels, the density of shade intolerant species was high and comparable to that 
496
The overall average contribution of shade intolerant species to the stand BA pool increased with 497 disturbance intensity, with the converse occurring for shade tolerant species (Fig. 5) . The results of 498 this study indicate slow growth, and fewer stems of the shade intolerant species group in less 499 disturbed sites, while both species groups registered increased recruitment of stems and high growth 500 rates in sites subjected to moderate and intensive logging. group (see Smith and Nichols, 2005) . This process will increase the overall level of mortality for a 508 longer period (Silva et al., 2002) . As this trend continues, the proportion of short-lived shade 509 intolerant species ≥ 10 cm dbh in logged sites may decrease, as the individuals in this species group 510 are replaced by long-lived shade tolerant tree species (Kariuki and Kooyman, 2005 
13
Site location, treatments description and the percentage BA removed.
Control (0% BA removed) disturbance level score of 1:
Three plots in the Border Ranges National Park (site 1)
Individual tree selective logging (1-35%) with a disturbance level score of 2:
One plot in site 1; Individual merchantable stems were logged in 1965 and a nominal 50% canopy cover was retained (33%).
Former Toonumbar State Forest (site 2), three plots: Individual merchantable stems logged in 1965 during a routine timber harvest, and plot established in 1966 (33%).
Former Edinburgh Castle State Forest (site 3), three plots: Individual merchantable stems logged in 1965 during a routine timber harvesting, and plot established in 1966 (33%).
Moderate tree selection in site 1 (36-50%) with a disturbance level score of 3, one plot per treatment:
Group selection from Queensland, Australia; climbers and undergrowth with no timber value were cut and merchantable stems greater than 61 cm dbh except seed trees were logged in 1965 followed by enrichment planting. A regeneration release operation was carried out in 1970 (47% BA removed).
Heavy individual tree selective logging from NSW, Australia; similar to individual tree selective logging above, but with more merchantable stems were removed in 1965 (50%). Logging with enrichment planting; All merchantable stems logged in 1965, shelterwood created by selective removal of remaining trees or trees with no timber value, and enrichment planting with valuable faster growing species carried out. Regeneration progressively liberated over a 10-year period (78.4% BA removed). 
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